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Shope2 demonstrated that a substance which was derived from Penicilliumfuniculosum and which was called helenine induced resistance to Semliki Forest and to Columbia SK virus infections in mice. Lewis et al.3 fractionated helenine and prepared a factor active in the mouse assay which exhibited properties of a nucleoprotein. Rytel, Shope, and Kilbourne4 demonstrated that helenine elicited a viral inhibitor in cell cultures and in mice which exhibited properties similar to those of interferon. In commenting, they stated that "the active principle in helenine is still a matter of conjecture since it has not been obtained in a sufficiently pure form to permit definite identification." Studies in our laboratories during the past several years have been directed toward the discovery of an interferon inducer which would be worthy of clinical evaluation. It was found that certain ribonucleic acids were highly active in inducing interferon and host resistance but were dependent upon (a) freedom from inhibitory protein and (b) multistrandedness of the RNA. Ribonucleoproteins and single-stranded nucleic acids were inactive.
This series of papers describes the purification or synthesis and characterization of three kinds of multistranded RNA active in inducing interferon and host resistance. The present report describes the isolation and characterization of a double-stranded RNA from extracts of Penicillium funiculosum (helenine) which, when freed of protein, is a highly active inducer of interferon and host resistance. The substance is referred to as HeI-RNA. Subsequent papers will present data showing high level interferon and host resistance-inducing activities of multistranded complexes of synthetic polynucleotides5 and of double-stranded RNA of reovirus origin.6
Materials and Methods.-(1) Extract of Penicitlium funiculosum:7 P. funiculosum was grown as described elsewhere.3 The mycelium was extracted with 0.033 M sodium phosphate buffer, pH 8.0, by rapid stirring for 1 hr at room temperature. The clarified extract was treated as shown in steps A-C of Table 1 . The supernate served as starting material for fractionation and purification purposes.
(2) Assay for interferon induction in rabbits: Young adult New Zealand white rabbits weighing 4-5 lb were injected intravenously with 0.5 ml of the material for assay. Blood samples were taken 2 hr later. The sera were assayed for interferon content in primary rabbit renal cell cultures in roller tubes or in plaque assay flasks by published procedures8 9 using vesicular. stomatitis virus for challenge. The titer of interferon was the highest initial dilution of rabbit serum which showed 100% suppression of viral cytopathic effect in 50(% or more of the tube cultures, or which effected at least 50% reduction in plaques compared with controls in the plaque assay. The plaque assay was used routinely for the studies connected with the chemical and physical charac- Results.-(1) Isolation of RNA inducer from P. funiculosum (HeI-RNA): Studies of induction of host resistance by helenine revealed a considerable variation in amount of activity from batch to batch.8 Similar variation was noted also for interferon induction in the present studies until it was shown that the inducer was actually present in essentially all lots but that its activity was masked or depressed by presence of substances which could be removed by treatment with phenol. Such phenolic treatment permitted separation of the biologically active RNA which was then purified further as outlined in steps D-G of Table 1 . Table 2 shows the removal of inhibitor from the HeI-RNA. The data relating to chromatographic purification of the phenol-treated extract are shown in Figure 1 . The ecteola-cellulose was suspended successively in 0.5 M NaOH, distilled water, 0.5 M NaH2PO4, and 0.01 M sodium phosphate buffer at pH 7.0. The slurry was introduced into the column and was washed further with 200 ml of 0.01 M sodium phosphate buffer solution. Phenol-treated extract (110 ml), representing a 25-fold concentrate of the aqueous extract of the acetone precepitate, was applied to the column. The column was eluted with NaCl gradient in 0.01 M sodium phosphate buffer solution, pH 7.0, as shown in Figure 1 . An inactive polysaccharide was present which was not adsorbed to the column and which was removed by the primary washing with the buffer solution. The peak activity was (Table 4) shows that resistance to the vesicular stomatitis virus was evoked ill the homologous rabbit kidney but not in heterologous mouse and chick embryo cell cultures. (b) Trypsin sensitivity (Table 5) shows that the rabbit serum interferon activity was destroyed by trypsin. (c) The molecular weight of interferon in the rabbit serum induced by HeI-RNA was determined by filtration through Sephadex G-200 columns. Molecular weight was calculated according to the method developed by Squire. 19 There were two species of interferon present and the molecular weights were calculated to be 61,000 and 130,000. (d) The isoelectric point of the HeI-RNAinduced rabbit interferon was measured based on elution curves from CM-Sephadex according to a previously published procedures The fraction with peak interferon activity had pH's of 6.5 and 6.7 in two experiments and the isoelectric point was calculated to be 6.9-7.1.
(4) Induction of host resistance to viral infection by HeI-RNA: The HeJ-RNA indluced resistance to both PVM and to Columbia SK viruses in mice. Table 6 shows that both survival time and per cent survival of the mice were greatly enhanced by administration of the RNA. (c) Sensitivity of biological activity of HeI-RNA to RNase, DNase, sodium periodate, andformaldehyde: HeI substance was tested under the conditions shown in Table 7 .
Ribonuclease at 20 ,gg/ml at 560C destroyed the biological activity. The interferon inducing activity was resistant to DNase, periodate, and formaldehyde.
(d) Relative resistance of HeI-RNA to ribonuclease: HeI-RNA was treated with RNase at pH 7.0 and the resulting degradation of the RNA was followed by measuring the increase in optical density at 260 mju with a Beckman DB-G recording spectrophotometer equipped with a controlled heater compartment. The conditions are indicated in Figure 2 . The HeI-RNA was resistant to RNase at 250C at the 0.2 ,Ag/ ml level and increase in temperature and RNase concentration was necessary to effect partial enzymatic degradation. However, as shown in Figure 3 , degradation by RNase at the 0.2 ,g/ml level at 250C was achieved when the HeI-RNA was previously denatured by heating for five minutes at 1100C and cooled rapidly to prevent renaturation.
(e) Reaction of HeI-RNA with formaldehyde: HeI-RNA and yeast ribosomal RNA were incubated at 35°C for four hours in presence or absence of 1.5 per cent formaldehyde. Figure 4 shows only small change in the ultraviolet spectrum of HeI-RNA following treatment with formaldehyde. By contrast, there was consider- able increase in absorbancy of yeast RNA with a shift in the absorbancy maximum to a slightly longer wavelength. These data were interpreted to show relatively fewer free amino groups in the HeI-RNA than in the yeast RNA, and to indicate a highly ordered secondary structure such as a double-stranded helix.2' (f) Thermal denaturation of HeI-RNA was measured in experiments performed using a Beckman DB-G spectrophotometer equipped with a Tm analyzer and recorder according to details shown in Figure 5 A and B. The increase in absorbancy of the double-stranded HeI-RNA at 260 mL shown in Figure 5A was a function of temperature at two different salt concentrations. In SSC (0.15 M NaCl-0.015 M sodium citrate, pH 7.0) there was only small increasq in absorbancy even at 1000C, indicating that the Tm (thermal transition mid-point) was higher than this figure. At the lower ionic strength (0.1 SS0), hyperchromicity of 32 per cent occurred principally in the range of from 85 to 100'C with a Tm of 95CC. Single-stranded RNA from yeast ribosomes showed lesser hyperchromicity (20%) and this was over a broad temperature range between 40 and 75CC (Tm 550C) in SSC. These findings showed that HeI-RNA has a high level of thermal stability. Figure 5B shows The essential element in induction by HeI-RNA is double-strandedness and one might reasonably question why double-stranded RNA should be present in mold mycelia since double-stranded RNA is a replicative form such as found in viral infection.A0 A possible explanation for this is that the P. funiculosum culture might have carried a hypothetical viral infection.
Subsequent reports in the present series confirm the unique requirement of polystranding of RNA for interferon induction as it relates to certain synthetic polynucleotides and to RNA of reovirus origin. The high-level activity in microgram amount and the apparent lack of toxicity have provided a basis for attempted application of these substances to treatment of viral infection in man.
Summary.-A highly purified double-stranded RNA termed HeI-RNA which was active in microgram amount in inducing interferon and resistance to virus infection in vivo and in vitro was recovered from extracts of mycelium of Penicillium funiculosum. DNA and single-stranded RNA were inactive. Details relating to the biological, chemical, and physical properties of the RNA and the interferon induced by it are presented. The finding of the requirement of double-strandedness for activity is new and adds to the understanding of some of the requirements for induction of interferon and host resistance by ribonucleic acid. The sedimentation analyses were carried out by R. Ziegler. Valuable technical assistance was given by J. Liedtke, K. Young, J. Armstrong, C. Galullo, and C. Bonoma.
